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ABSTRACT
We investigate spectroscopic properties of galaxy systems identified based on deep X-ray observations
in the COSMOS field. The COSMOS X-ray system catalog we use (George et al. 2011) includes
180 X-ray systems to a limiting flux of 1.0 × 10−15erg cm−2 s−1, an order of magnitude deeper
than future e-ROSITA survey. We identify spectroscopic members of these X-ray systems based
on the spectroscopic catalog constructed by compiling various spectroscopic surveys including 277
new measurements; 137 X-ray systems are spectroscopically identified groups with more than three
spectroscopic members. We identify 1843 spectroscopic redshifts of member candidates in these X-
ray systems. The X-ray luminosity (LX) - velocity dispersion (σv) scaling relation of the COSMOS
X-ray systems is consistent with that of massive X-ray clusters. One of the distinctive features of the
COSMOS survey is that it covers the X-ray luminosity range where poor groups overlap the range
for extended emission associated with individual quiescent galaxies. We assess the challenges posed
by the complex morphology of the distribution of low X-ray luminosity systems, including groups and
individual quiescent galaxies, in the Lx − σv plane.
Keywords: cosmology: observations – large-scale structure of universe – galaxies: clusters: general –
X-rays: galaxies: clusters
1. INTRODUCTION
Detection of hot X-ray emitting gas from galaxy clus-
ters was a groundbreaking discovery that provided a
powerful tool for studying the formation and evolu-
tion of gravitationally bound galaxy systems (see review
by Sarazin (1988)). The X-ray observations trace ex-
tended thermal emission from the intergalactic medium
in galaxy systems (e.g. Kellogg et al. 1972; Forman et al.
1972). The extended X-ray emission is detected not
only in massive galaxy clusters but also in less mas-
sive galaxy groups (Ponman et al. 1996; Mahdavi et al.
2000). Hot X-ray emitting gas is also detected around in-
dividual galaxies (Fabbiano 1989; Kim et al. 2018). The
X-ray luminosity and temperature of the hot gas is well-
correlated with the mass of its parent dark matter halo
(e.g. Stanek et al. 2006; Bo¨hringer & Werner 2010).
A simple theoretical calculation based on the hy-
drostatic equilibrium predicts the scaling relations be-
tween X-ray properties and the other physical prop-
erties of a galaxy system. For example, the X-ray
luminosity (LX) and the X-ray temperature (TX) of
a system scale with the measured velocity dispersion
(Solinger & Tucker 1972). Studying scaling relations
probe the underlying cluster physics. Extension of the
scaling relations to a wider X-ray luminosity range al-
lows for exploration of the nature of X-ray emission from
lower mass systems. Extension to a broader redshift
range probes the evolution of galaxy systems.
A number of systematic surveys identify galaxy
systems in the X-ray (e.g. Ebeling et al. 1998;
Bo¨hringer et al. 2000, 2017; Reiprich & Bo¨hringer 2002;
Burenin et al. 2007; Pacaud et al. 2016). Verification of
these X-ray systems depends on optical imaging com-
bined with spectroscopic observations. For example,
SDSS spectroscopy combined with ROSAT and XMM
imaging (Clerc et al. 2016) yields a large catalog of
galaxy clusters. Sohn et al. (2018) used the deeper
HectoMAP redshift survey (Geller & Hwang 2015) and
ROSAT X-ray imaging to identify galaxy clusters.
The search for galaxy systems also extends to lower
mass galaxy groups. AEGIS (All-Wavelength Extended
Groth Internation Survey, Erfanianfar et al. 2013) de-
scribes a catalog of galaxy systems including very low X-
ray luminosity systems with a few spectroscopically iden-
tified members. The XXL survey, based on XMM data, is
a more extensive systematic survey for galaxy systems in-
cluding low X-ray luminosity groups (Pacaud et al. 2016;
Adami et al. 2018). Many XXL galaxy groups are con-
firmed based on extensive spectroscopic surveys. In gen-
eral, X-ray systems verified with the spectroscopic red-
shifts provide an important basis for studying the nature
and evolution of galaxy systems.
COSMOS (Scoville et al. 2007) is a unique field where
extensive multi-wavelength data enables a study of X-ray
systems with a large range of X-ray luminosity and red-
shift. The COSMOS survey covers a ∼ 2 deg2 field. The
X-ray observations for the COSMOS field are very deep
(fX = 3 × 10
−16 erg s−1 cm−2, Gozaliasl et al. 2019),
an order of magnitude deeper than the future e-ROSITA
survey (Merloni et al. 2012). Based on these deep X-ray
observations, Finoguenov et al. (2007) first identify ex-
tended X-ray emission corresponding to galaxy groups
and clusters. George et al. (2011) and Gozaliasl et al.
(2019) extended the search for X-ray systems with even
deeper X-ray data. These studies also identify optical
counterparts of the extended X-ray sources. However,
these analyses have relied primarily on photometric red-
shifts.
Dense spectroscopic surveys covering the field add an
additional dimension to the COSMOS field. zCOSMOS
is the first of these systematic spectroscopic surveys
(Lilly et al. 2007, 2009). Several large spectroscopic sur-
2veys include high redshift objects in the COSMOS field
(e.g. Silverman et al. 2015; Hasinger et al. 2018). Re-
markably these deep surveys include only very sparse
coverage for redshifts z . 0.7. To remedy this situa-
tion, hCOSMOS (Damjanov et al. 2018) is a shallower,
but complete (> 90%) redshift survey to r = 20.6 cov-
ering the central ∼ 1 deg2 of the COSMOS field. Taken
together, these redshift surveys provide an opportunity
for a spectroscopic census of the galaxy system candi-
dates.
Here, we examine extended X-ray sources as candi-
date galaxy systems in the COSMOS field. We combine
the COSMOS galaxy catalog (George et al. 2011) and all
available spectroscopic redshifts for the COSMOS field.
We identify spectroscopic members associated with X-
ray systems. We also identify the brightest galaxy in
the system and we examine the scaling relation between
the X-ray luminosity and the velocity dispersion of the
systems. The COSMOS X-ray data are so deep that
they begin to probe the luminosity range where individ-
ual quiescent galaxies and poor systems overlap in X-ray
luminosity. We highlight some of the complexity intro-
duced by this overlap.
We describe the observations in Section 2. We demon-
strate the spectroscopic survey completeness in Section
3. In Section 4.4, we explore the spectroscopic catalog
of the COSMOS X-ray systems including spectroscopic
membership identification. We construct the X-ray scal-
ing (LX − σv) relation in Section 5.1. In Section 6 we
consider some of the limitations of the analysis and we
highlight the complex morphology of the distribution of
extended X-ray sources in the LX−σv plane. We summa-
rize in Section 7. In the appendix, we supplement the X-
ray ID with a brief overview of corresponding photomet-
rically identified clusters. We use the standard ΛCDM
cosmology with H0 = 70 km s
−1 Mpc−1, Ωm = 0.3, and
ΩΛ = 0.7 throughout.
2. THE DATA
COSMOS is a deep multi-wavelength survey
(Scoville et al. 2007) covering a 2 deg2 field at (R.A.,
Decl. ) = (150.1192, +2.2058). The field has been
observed over a wide range of wavelengths from X-ray to
radio with major observing facilities. Here, we use opti-
cal photometry and spectroscopy to investigate galaxies
in candidate COSMOS X-ray systems. We describe
the galaxy catalog and photometry in Section 2.1, the
spectroscopic data in Section 2.2, and the COSMOS
spectroscopic sample that combines photometric and
spectroscopic data in Section 2.3. In Section 2.4, we
describe the X-ray system catalogs we use.
2.1. Galaxy Catalog
We use the COSMOS Galaxy and X-ray Group
Membership Catalog1 (George et al. 2011) as the ba-
sis of our study. This catalog includes 115,844 galax-
ies with mF814 < 24.2 (MAG AUTO) from the COS-
MOS Advanced Camera for Survey (ACS) catalog
(Leauthaud et al. 2007). The catalog also lists pho-
tometric redshifts (Ilbert et al. 2009) and membership
probabilities for galaxies in the candidate X-ray systems
1 https://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-
dd?catalog=cosmos xgal
(Section 2.4, George et al. 2011). Hereafter, we refer to
this catalog as the COSMOS galaxy catalog.
We match the COSMOS galaxy catalog to the Ultra-
VISTA photometric catalog (Muzzin et al. 2013) to ob-
tain optical photometry of the galaxies. The UltraV-
ISTA photometric catalog provides point source function
(PSF) matching photometry over 30 photometric bands.
We use a 0.5′′ search radius for matching. We obtain Sub-
aru g+r+i+z+y+ photometry of 110,375 galaxies from
the UltraVISTA catalog. There are a number of objects
without UltraVISTA photometry due to the small field of
view of the UltraVISTA survey relative to the COSMOS
galaxy catalog.
We supplement galaxy magnitudes using the COS-
MOS photometry catalog 2 (Capak et al. 2007), be-
cause many objects in the COSMOS galaxy cata-
log are located outside the UltraVISTA coverage.
This catalog also offers Subaru g+r+i+z+y+ photometry
of the galaxies in the COSMOS field. However, the mag-
nitudes from the COSMOS photometry catalog are not
identical to the UltraVISTA photometry. Therefore, we
need to transform the magnitudes from the COSMOS
photometry catalog (mC07) into the UltraVISTA magni-
tudes (mUVIS).
Based on the 24591 bright galaxies (16 ≤ r+ ≤ 23)
with both COSMOS and UltraVISTA photometry, we
derive empirical transformations from mC07 into mUVIS.
For example, the r−band magnitude transformation is:
r+UVIS = (1.11± 0.01)× r
+
C07 − (2.93± 0.21). (1)
Because we use the photometry only for estimating the
spectroscopic survey completeness and for identifying the
brightest cluster galaxies, the empirical transformation is
sufficient.
2.2. Spectroscopy
We use spectroscopy to determine the membership of
the COSMOS X-ray systems. We first compile spectro-
scopic redshifts from several surveys covering the COS-
MOS field (Section 2.2.1). In addition, we carried out
spectroscopic observations to obtain additional redshifts
in the field (Section 2.2.2).
2.2.1. Previous COSMOS Redshift Surveys
zCOSMOS (Lilly et al. 2007, 2009) is the largest spec-
troscopic survey covering the COSMOS field using VI-
MOS mounted on VLT/UT 8m telescope. The zCOS-
MOS DR3 catalog we use lists 20689 redshifts of galax-
ies with IAB < 22.5 with an average accuracy of ∼
110 km s−1. zCOSMOS provided a confidence class
(zconf) for the redshift measurements. We include zCOS-
MOS redshifts with high confidence class (zconf ≥ 3).
Using a 0.5′′ matching tolerance, we obtain 13935 red-
shifts for galaxies in the COSMOS galaxy catalog.
hCOSMOS (Damjanov et al. 2018) is a dense spec-
troscopic survey of a magnitude-limited sample with
r ≤ 21.3 in the COSMOS field. The hCOSMOS sur-
vey was done with the multi-fiber fed spectrograph Hec-
tospec (Fabricant et al. 2005) mounted on the MMT 6.5
m telescope. The hCOSMOS survey includes 4362 red-
shifts within the central 1 deg2 field; 1701 redshifts are
2 https://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-
dd?catalog=cosmos phot
3new. Damjanov et al. (2018) showed that the average
difference between hCOSMOS and zCOSMOS redshift
measurement is ∼ 17±2 km s−1, smaller than the typical
uncertainty in each redshift measurement (∼ 35 km s−1).
Thus, we use redshifts from zCOSMOS and hCOSMOS
without correction. We compile 4399 redshifts from the
hCOSMOS catalog.
Hasinger et al. (2018) provide a catalog of 10718 ob-
jects in the COSMOS field including 6617 objects with
high-quality spectra observed with the DEep Imaging
Multi-Object Spectrograph (DEIMOS) on the Keck II
telescope. Hereafter, we refer to this survey as dCOS-
MOS. Similar to zCOSMOS, dCOSMOS provides a con-
fidence class for the redshift measurements. Following
the zCOSMOS matching process, we obtain 2672 dCOS-
MOS redshifts with a high confidence flag (zconf ≥ 3).
There are 1185 dCOSMOS objects with zCOSMOS red-
shift measurements. We compute the mean difference
in the redshift measurement using these objects. The
typical offset between dCOSMOS and zCOSMOS red-
shifts is ∼ 12 km s−1 and the typical uncertainty of the
dCOSMOS redshifts is ∼ 60 km s−1 (inferred from other
DEIMOS observations).
Besides these three large surveys, there are several
additional spectroscopic surveys covering the COSMOS
field. We also obtain the redshifts from these surveys.
Compiling the redshift measurements from these pre-
vious surveys is not straightforward. These surveys
obtained spectra using different instruments that yield
spectra with varying spectral resolution and wavelength
coverage. Therefore, there may be some systematic dif-
ferences between these redshift measurements and those
from zCOSMOS, hCOSMOS and dCOSMOS. Further-
more, the redshift measurements from these surveys may
have large uncertainties which can compromise member-
ship determination. These surveys often omit individual
uncertainties from their catalogs.
Table 1 summarizes the previous spectroscopic surveys
we compile and lists the number of redshifts for galax-
ies and member candidates of the X-ray groups/clusters.
We also investigate the number of objects in each of these
previous spectroscopic surveys that also have a zCOS-
MOS redshift. Based on these repeat measurements, we
calculate the systematic differences between the redshift
measurements from zCOSMOS and the other surveys
(∆cz/(1 + zzCOSMOS)). We briefly review these previ-
ous spectroscopic surveys.
Prescott et al. (2006): This survey measured red-
shifts of galaxies and quasars in the COSMOS field us-
ing MMT/Hectospec. We obtained 247 redshifts from
this survey for objects in the COSMOS galaxy cata-
log. The typical uncertainty of the redshift measure-
ments is ∼ 63 km s−1. zCOSMOS also measured red-
shifts for 85 objects from this survey. We compute the
difference between the redshift (radial velocity) mea-
surements (∆cz/(1+ zzCOSMOS)) from this survey and
zCOSMOS. The mean difference estimated after 3σ
clipping is 62 ± 8 km s−1. Because the redshift differ-
ence is smaller than the uncertainty in the zCOSMOS
redshift measurement, we do not apply a systematic
correction.
Trump et al. (2009): This survey provided op-
tical spectroscopy for X-ray point-like sources iden-
tified from the XMM-Newton data. The majority
(∼ 2/3) of spectra were obtained with the Inamori
Magellan Areal Camera and Spectrograph (IMACS)
on the Magellan (Baade) telescope, and the rest of the
spectra were obtained with MMT/Hectospec or SDSS.
Trump et al. (2009) provided a confidence flag (zconf )
for the redshift measurements. We take 387 redshifts
with zconf = 3 or 4, where zconf = 3 indicates that
the redshift was measured based on one strong and
one weak features, and zconf = 4 indicates that the
redshift is considered unambiguous. Based on the 90
objects with repeat redshift measurements, we com-
puted a mean difference of −54± 16 km s−1 compared
with the zCOSMOS redshifts.
The GEEC2 spectroscopic survey (Balogh et al.
2014): The Galaxy Environment Evolution Collabora-
tion 2 (GEEC2) spectroscopic survey presented a cat-
alog based on the Gemini-South GMOS spectroscopy
of 11 galaxy groups at 0.8 < z < 1 in the COS-
MOS field. This catalog lists 603 unique redshifts
with high confidence and with a typical uncertainty
of ∼ 100 km s−1. Balogh et al. (2014) claim that
there is an ∼ 180 km s−1 unexplained systematic off-
set compared to zCOSMOS redshifts. However, we
only observe a much smaller offset (−35± 28 km s−1)
based on 18 repeat measurements with high confi-
dence (zconf > 3), smaller than typical uncertainties in
both GEEC2 and zCOSMOS redshift measurements.
Therefore, we compile GEEC2 redshifts without cor-
rection.
Comparat et al. (2015): This survey used FOcal
Reducer and the low dispersion Spectrograph (FORS2)
for the Very Large Telescope (VLT) to obtain the red-
shifts and emission-line fluxes of galaxies at 0.1 <
z < 1.65. Comparat et al. (2015) investigated the [O
II] luminosity function using this spectroscopic sam-
ple. The redshift catalog includes a confidence flag
for the redshift measurements similar to the zCOS-
MOS confidence flag. We compile 1383 redshifts with
zconf = 3 or 4. The mean redshift difference from
zCOSMOS redshifts measured from 154 duplicated ob-
jects is 27± 10 km s−1.
Kartaltepe et al. (2015): The FMOS-COSMOS
survey published redshifts measured from the FMOS
near-infrared spectrograph on the Subaru telescope.
From this survey, we compile 116 redshifts within the
range 0.5 < z < 1.7. There is a small overlap (43 ob-
jects) with the zCOSMOS sample: the mean redshift
difference is −51± 23 km s−1.
Silverman et al. (2015): We obtain redshifts from
Silverman et al. (2015), who also published redshifts
from the FMOS-COSMOS survey over the redshift
range 0.7 < z < 2.5. There are 270 redshifts from
this catalog, but none are X-ray system member can-
didates (Section 2.4). The overlap of this sample with
zCOSMOS is negligible. The typical velocity resolu-
tion from the FMOS spectroscopy is ∼ 115 km s−1
(Silverman et al. 2015).
4Table 1
Spectroscopic Surveys of the COSMOS field
Reference Nza Nz(Pmem > 0)b Noverlap (zCOS)
c mean ∆czzCOS (km s
−1)d
Prescott et al. (2006) 247 13 85 62± 8
Trump et al. (2009) 387 27 90 −54± 16
Balogh et al. (2014) 534 130 18 −35± 28
Comparat et al. (2015) 1383 36 154 27± 10
Kartaltepe et al. (2015) 116 4 43 −51± 23
Silverman et al. (2015) 270 0 3 −103± 4
Masters et al. (2017) 554 22 12 14± 41
Straatman et al. (2018) 1699 141 554 13± 4
a Number of redshifts.
b Number of redshifts for member candidates of the COSMOS X-ray systems with Pmem > 0.
c Number of objects with a redshift from the zCOSMOS survey.
d Mean difference between the redshift measurement from the reference and zCOSMOS normalized
by the zCOSMOS redshift. The mean difference was estimated after 3σ clipping of outliers.
e Same as (c), but for the hCOSMOS survey.
f Same as (d), but for hCOSMOS redshift measurement.
Masters et al. (2017): The Complete Calibration of
the ColorRedshift Relation (C3R2) Survey is a deep
redshift survey that aims to calibrate the color-redshift
relation of galaxies to the Euclid depth. Masters et al.
(2017) presented Data Release (DR) 1 including red-
shifts of COSMOS galaxies measured from Keck spec-
troscopy. We obtain 554 redshifts from DR1; only 12
of them overlap with zCOSMOS measurements.
Straatman et al. (2018): The Large Early Galaxy
Astrophysics Census (LEGA-C) Data Release 2
provided redshifts from VLT/VIMOS observations.
LEGA-C includes 1699 redshifts for objects in the
COSMOS galaxy catalog; 554 objects also have red-
shifts from zCOSMOS. The LEGA-C redshifts show
a small systematic offset compared to zCOSMOS red-
shift of 13± 4 km s−1.
2.2.2. Observations
We carried out new Hectospec observations for the
COSMOS field in 2018 December. Following the hCOS-
MOS survey, we used the 270 line mm−1 Hectospec grat-
ing which yields a 6.2A˚ spectral resolution over the wave-
length range 3800 - 9100A˚. The exposure time for the
Hectospec observations is an hour.
The Hectospec data were reduced with the IDL
HSRED v2.0 package. We measure redshifts with
RVSAO (Kurtz & Mink 1998) that cross-correlates ob-
served spectra with a set of redshift templates. We vi-
sually inspect the cross-correlation results and classified
them into three groups: Q for high-quality fits, ? for am-
biguous cases, and X for poor fits. We use 277 redshifts
derived from high-quality fits with a typical uncertainty
of ∼ 36 km s−1; 52 of them are X-ray system member
candidates. Table 2 lists all of the 277 redshifts we ob-
tained from the new Hectospec observations.
2.3. The COSMOS Spectroscopic Sample
Based on the COSMOS galaxy catalog, we compile
spectroscopic redshift measurements from a wide variety
of surveys in the literature. In addition, we obtain new
redshifts from MMT/Hectospec observations. As a re-
sult, we have 22667 redshifts for objects in the COSMOS
galaxy catalog regardless of the brightness of the galax-
ies. This COSMOS galaxy catalog includes 7600 galax-
Table 2
New Spectroscopic Redshifts from
Hectospec
R.A. Decl. z z error
149.556005 2.362138 0.37433 0.00019
149.914532 2.450852 0.44304 0.00030
150.640850 2.466479 0.61610 0.00006
150.683432 2.224703 0.41087 0.00013
149.538039 2.073853 0.20916 0.00006
Note. — The entire table is available in
machine-readable form in the online journal.
ies with Pmem > 0, where Pmem indicates the member-
ship probability (George et al. 2011, see details in Sec-
tion 2.4). Our compilation includes 1611 (∼ 21%) spec-
troscopic redshifts for X-ray system member candidates.
We compare the spectroscopic redshifts with the pho-
tometric redshifts from the COSMOS galaxy catalog
(George et al. 2011). These photometric redshifts were
originally derived by Ilbert et al. (2009) who compared
spectral energy distributions (SEDs) from over 30 bands
of Ultraviolet, optical and infrared data with a set of
galaxy templates with stellar population synthesis mod-
els. The photometric redshifts from George et al. (2011)
were updated with H-band data and with improved tem-
plate fitting techniques. The uncertainty in the photo-
metric redshift measurement is ∆z ∼ 0.008.
Figure 1(a) compares photometric and spectroscopic
redshifts for the COSMOS objects. In Figure 1(b), we
display the difference between the photometric and spec-
troscopic redshifts normalized by the spectroscopic red-
shift. The median difference (the red dotted line) over
this redshift range is −560 ± 120 km s−1 smaller than
the typical uncertainty in the photometric redshift; it is
interesting that there is systematic offset between photo-
metric and spectroscopic redshifts. This large difference
suggests that membership identification for group and
clusters based on photometric redshifts may be incorrect.
We also estimate the stellar mass of the galaxies
with spectroscopic redshifts based on the technique used
in Damjanov et al. (2018). We use the Le Phare fit-
ting code (Arnouts et al. 1999; Ilbert et al. 2006) to de-
rive a mass-to-light ratio by comparing observed mag-
nitudes with a spectral energy distribution model. We
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Figure 1. (a) Comparison between photometric redshifts
(George et al. 2011) and spectroscopic redshifts of galaxies in the
COSMOS field. The dashed-line shows the one-to-one relation. (b)
The difference between photometric- and spectroscopic redshifts as
a function of spectroscopic redshift. The red dotted line shows the
median redshift difference and blue dashed line shows zero offset.
The median redshift difference is −560 ± 120 km s−1, larger than
the typical velocity dispersion of an X-ray system.
use optical ug+r+i+z+y+ band magnitudes of individ-
ual galaxies. For comparison, we generate a set of
synthetic SED model based on the stellar population
synthesis model from Bruzual & Charlot (2003) and a
Chabrier (2003) IMF. We assume exponentially declin-
ing star forming histories with e-folding time scales of
τ = 0.1, 0.3, 1, 2, 3, 5, 10, 15 and 30 Gyr and three metal-
licities (Z = 0.004, 0.008 and 0.02). We also take into
account the variation of the stellar population age in the
range 0.01 to 13 Gyr. We account for foreground extinc-
tion using the Calzetti et al. (2000) extinction law with
an E(B − V ) range of 0.0 to 0.6. We obtain the median
value of the stellar mass from the probability distribution
function for the stellar mass.
2.4. COSMOS X-ray Systems and Their Members
We use the COSMOS X-ray group catalog from
George et al. (2011). This catalog is the second ver-
sion of the catalog of X-ray systems in the COSMOS
field updated from Finoguenov et al. (2007) and was fol-
lowed by Gozaliasl et al. (2019). We use the catalog from
George et al. (2011) because they included a catalog of
X-ray system candidate member galaxies along with the
catalog of X-ray systems. This member candidate cata-
log is critical for determining the spectroscopic member-
ship based on spectroscopic survey data.
The first catalog of X-ray clusters in the COSMOS
field is from Finoguenov et al. (2007). They use the
first 36 XMM-Newton pointings covering a 2.1 deg2
area of the COSMOS field. They identify 72 X-ray
cluster candidates with extended X-ray emission associ-
ated with concentrations of galaxies in photometric red-
shift space. The X-ray survey reaches a flux limit of
3 × 10−15erg cm−2 s−1 within the 0.5 − 2.0 keV band.
They provide the physical properties of the X-ray sys-
tems including X-ray luminosity, temperature and char-
acteristic mass (M500) based on X-ray scaling relations.
George et al. (2011) extended the search for X-ray sys-
tems based on 54 XMM-Newton pointings and additional
Chandra observations. The X-ray flux limit of this sur-
vey is ∼ 1 × 10−15erg cm−2 s−1. The deeper XMM
coverage enables identification of fainter X-ray systems;
George et al. (2011) identify 211 extended X-ray sources
over 1.64 deg2; Finoguenov et al. (2007) detect ∼ 150
extended sources. To identify the optical counterparts
of the extended X-ray sources, George et al. (2011) ap-
ply a red-sequence finder to galaxies within a projected
distance of 0.5 Mpc from the X-ray center. The X-ray
system catalog from George et al. (2011) includes 165 X-
ray groups and clusters with optical counterparts and 18
extended X-ray sources with ambiguous optical counter-
parts.
The X-ray group membership catalog is a primary as-
set of George et al. (2011). They employ a Bayesian ap-
proach to assign membership for galaxies associated with
extended X-ray emission. The selection algorithm deter-
mines the membership probability (Pmem) based on the
position, the photometric redshift, and the stellar mass of
the galaxy. The COSMOS galaxy catalog includes 7600
galaxies with Pmem > 0 (4623 galaxies with Pmem > 0.5)
regardless of the magnitude.
Gozaliasl et al. (2019) is the most recent update
for the COSMOS X-ray system survey. They use
even deeperXMM-Newton and Chandra observations and
reach an X-ray flux limit of 3 × 10−16erg cm−2 s−1, an
order of magnitude deeper than George et al. (2011).
They identify 247 X-ray groups in the redshift range
0.08 < z < 1.3. The major update from the previous
catalogs is identification of higher redshift systems. For
systems at z < 1.0, the X-ray luminosities of the systems
included in both George et al. (2011) and Gozaliasl et al.
(2019) are essentially identical. We use the properties
of X-ray systems from George et al. (2011) because we
are limited by the spectroscopy to z < 1 and because
Gozaliasl et al. (2019) do not provide a candidate mem-
ber catalog.
The final catalog we use includes 180 X-ray systems at
z < 1 among 183 X-ray systems listed in George et al.
(2011). We exclude three systems because they have no
member candidates (Pmem > 0) in the COSMOS galaxy
catalog. George et al. (2011) offer a quality flag (QX)
for the X-ray systems; 1 indicates a well defined X-ray
system, 2 indicates a well detected X-ray system with
an ambiguous X-ray center, and 3 indicates suspicious
X-ray systems that require checking with spectroscopic
data. The three systems we exclude are QX = 2 sys-
tems. There are 62 systems with QX = 1, 100 systems
with QX = 2, and 18 systems with QX = 3. We be-
gin by examining all of the systems with some members
regardless of the quality flag.
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Figure 2. X-ray luminosity of COSMOS X-ray systems (red
circles) as a function of redshift. Gray crosses and pentagons
show X-ray samples from Mahdavi et al. (2000) and Popesso et al.
(2007), respectively. Black pluses, diamonds, and triangles show
the CIRS (Rines et al. 2003), HeCS (Rines et al. 2013), and HeCS-
SZ (Rines et al. 2016) samples, respectively. Blue circles show X-
ray clusters in HectoMAP (Sohn et al. 2018).
Figure 2 shows the X-ray luminosity as a function of
redshift for all of the candidate COSMOS X-ray systems.
For comparison, we plot X-ray clusters with spectroscopy
from the literature (Mahdavi et al. 2000; Popesso et al.
2007; Rines et al. 2003, 2013, 2016; Sohn et al. 2018).
The COSMOS X-ray systems cover a wider redshift range
than previous samples. More importantly, the COSMOS
systems include very low luminosity X-ray systems at a
given redshift as a result of the very deep X-ray data. In
particular, at z < 0.4, the COSMOS X-ray sample offers
a unique chance to study very low luminosity systems
with logLX < 42.5.
3. SPECTROSCOPIC SURVEY COMPLETENESS
Figure 3 shows the projected spatial distribution of the
COSMOS X-ray systems. The background density map
displays the completeness of the combined spectroscopic
surveys to r = 21.3. Yellow circles show the location of
the X-ray systems. The largest symbols indicate a high
X-ray confidence flag (QX = 1); the smallest symbols
indicate QX = 3. Most of the X-ray systems are located
in the area where the spectroscopic survey is complete.
We also mark the location of galaxy cluster candidates
based on red-sequence detection; magenta crosses indi-
cate redMaPPer systems (Rykoff et al. 2016) and green
pluses indicate CAMIRA clusters (Oguri 2014). We de-
scribe these systems in Appendix A.
Figure 4(a) shows the spectroscopic survey complete-
ness for the X-ray system member candidates with
Pmem > 0. We plot the r−band magnitude distribution
of all member candidates along with the member can-
didates with spectroscopic redshifts. To r ∼ 20.6, the
hCOSMOS survey limit, 91% of the member candidates
have spectroscopic redshifts. The dashed line in Figure
4(a) displays the spectroscopic completeness as a func-
151.0 150.5 150.0 149.5
R.A. (deg)
1.5
2.0
2.5
3.0
D
e
cl
. 
(d
e
g
)
G11 (183)
redMaPPer (5)
CAMIRA(13)
0.0 0.2 0.4 0.6 0.8 1.0
Figure 3. Spatial distribution of galaxy cluster candidates in the
COSMOS field. The background map shows the spectroscopic com-
pleteness. Circles display candidate X-ray systems with good X-ray
flags. In addition, the magenta crosses show redMaPPer clusters
(Rykoff et al. 2016) and the green pluses display CAMIRA clusters
(Oguri 2014).
tion of r−band magnitude; the completeness decreases
rapidly for r > 20.6.
We compute the spectroscopic completeness for the
individual X-ray systems. In Figure 4(b), we display
the completeness for all galaxies with Pmem in each X-
ray system. The overall completeness is typically low
(∼ 30%) due to missing redshifts for member candi-
dates with r > 21.3 (for every galaxy with Pmem > 0).
The spectroscopic survey for member candidates is much
more complete for the brighter sample (r ≤ 21.3, Figure
4 (c)). For example, the spectroscopic survey is more
than 75% complete for 75 (42%) of the COSMOS X-ray
systems and more than 50% complete for 95 (53%) sys-
tems to r = 21.3.
4. SPECTROSCOPIC CATALOGS OF COSMOS X-RAY
SYSTEMS
We identify spectroscopic members of COSMOS X-ray
systems based on the compilation of spectroscopic red-
shifts. These spectroscopic members are the basis for
studying the properties of the X-ray systems. We de-
scribe the identification of spectroscopic members in Sec-
tion 4.1 and show some example X-ray systems in Section
4.2. We calibrate the photometric membership probabil-
ity based on spectroscopy in Section 4.3. We describe
the final spectroscopic sample of COSMOS X-ray sys-
tems and the spectroscopic catalog of members in the
COSMOS X-ray systems in Section 4.4. In Section 4.5,
we define the refined sample based on X-ray flags and
spectroscopic completeness that we use for studying the
LX−σv relation. In Section 4.6, we identify the brightest
group galaxies in the X-ray systems.
4.1. Identification of Spectroscopic Members
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Figure 4. (a) Spectroscopic completeness (dashed line) of X-ray
system member candidate (Pmem > 0) as a function of r−band
magnitude. In addition, histograms show the r−band magni-
tude distribution of all member candidates (open) and member
candidates with spectroscopic redshifts (hatched). (b) Spectro-
scopic completeness of individual X-ray systems: the ratio between
Pmem > 0 galaxies with spectroscopic redshifts and all Pmem > 0
galaxies. (c) Same as (b), but for the member candidates brighter
than r ≤ 21.3.
We examine the distribution of X-ray system member
candidates based on the classic R-v diagram, the rest-
frame groupcentric velocity as a function of projected
distance from the X-ray center. Figure 5 shows R-v di-
agrams of some well-sampled COSMOS X-ray systems:
these systems are the brightest X-ray sources with more
than 10 spectroscopic members at z < 0.4. All of these
example systems are used for studying LX − σv scaling
relation (Section 4.5). The black open circles in Fig-
ure 5 show galaxies with spectroscopic redshifts around
each X-ray system. We also display the Subaru/Hyper
Suprime Cam gri image of each X-ray system within a
500 kpc × 500 kpc field of view. The HSC images show
that there are galaxy overdensities accompanying a dom-
inant bright galaxy near the X-ray center. Sometimes,
the dominant bright galaxy is offset from the X-ray cen-
ter.
In the R-v diagram, member candidates with Pmem >
0.5 (red circles) show a strong concentration around the
center of each X-ray system. In contrast, we note that
a large fraction of the galaxies with 0 < Pmem < 0.5
(orange circles) are line-of-sight interlopers. They are
barely distinguishable from cluster members based on
photometric redshifts.
We identify spectroscopic members of the X-ray sys-
tems within Rproj < R200,X . R200,X is the character-
istic radius of the X-ray system where the mean den-
sity is 200 times the critical density of the universe.
George et al. (2011) estimated the R200,X based on the
LX −M200 scaling relation calibrated based on the weak
lensing mass (Leauthaud et al. 2010). We use the R200,X
measurement because the membership probabilities from
George et al. (2011) are assigned to galaxies within this
radius.
We also apply a generous |∆c(zmember−zcl)/(1+zcl)| <
1000 km s−1 criterion to identify spectroscopic members.
Here the central redshift of the X-ray system (zcl) is de-
termined by iteration. We first identify the spectroscopic
member candidates based on a wider window: Rproj <
R200,X and |∆c(zmember − zcl)/(1+ zcl)| < 3000 km s
−1.
We take the median redshift of the member candidates
as the spectroscopic redshift. Then we finally identify
the spectroscopic members with the narrower window
of Rproj < R200,X and |∆c(zmember − zcl)/(1 + zcl)| <
1000 km s−1. The number of spectroscopic members
changes little when we use a larger velocity difference
limit of 1500 or 2000 km s−1.
Figure 6 shows the number of spectroscopic members
of X-ray systems as a function of redshift. We iden-
tify at least one spectroscopic members in 173 COS-
MOS X-ray systems. There are 137 spectroscopically
identified groups (76%) with three or more spectroscopic
members. The median number of spectroscopic mem-
bers is five, comparable with the XXL survey (∼ 5) com-
bined with SDSS, GAMA and VLT spectroscopic survey
(Pacaud et al. 2016). The systems where we do not iden-
tify any spectroscopic members are mostly (9/10) at high
redshift (z > 0.65).
4.2. Example COSMOS X-ray Systems
We explore two individual X-ray systems to illus-
trate their very different photometric member distribu-
tions. Figure 7(a) shows an X-ray system (ID from
George et al. 2011 : 29) at z = 0.34. This X-ray systems
is an unambiguous isolated system with no other X-ray
system within 3 arcmin. Filled circles in Figure 7(a) in-
dicate the 119 photometrically identified members and
open circles are galaxies with |∆c(zgalaxy−zsystem)/(1+
zsystem)| < 1000 km s
−1. Figure 7(b) displays the R-v
diagram of this system; red filled circles are the member
candidates with Pmem > 0 and black open circles are
the galaxies with spectroscopic redshifts. We identify 14
spectroscopic members of this system and calculate the
velocity dispersion of the system. This X-ray system lies
on the X-ray luminosity - velocity dispersion scaling re-
lation of the massive clusters (Section 5.1).
Figure 7(c) and (d) demonstrate an ambiguous case
where several X-ray systems overlap. The complexity of
this region was highlighted in Knobel et al. (2009). Fig-
ure 7(c) shows the spatial distribution of galaxies around
four X-ray systems (ID from George et al. 2011 : 191,
193, 201, 321). These four X-ray systems are essentially
at the same redshift z = 0.22. We display the photo-
metrically identified members (Pmem > 0) color coded
by membership in the individual clusters. Although the
membership determination algorithm assigns member-
ship within the individual X-ray systems, the spatial
distributions of the photometrically identified members
overlap significantly on the sky.
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Figure 5. R-v diagrams of example COSMOS X-ray systems: the relative velocity difference with respect to the group mean redshift as
a function of projected distance from the X-ray center. The y-axis is in units of 1000 km s−1. Red (orange) filled circles indicate galaxies
with Pmem > 0.5 (Pmem > 0) and black open circles are galaxies with redshifts. The right panels show the corresponding Subaru/Hyper
Suprime Cam gri images (500 kpc × 500 kpc).
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Figure 6. Number of spectroscopic members of COSMOS X-ray
systems as a function of redshift; 76% of the X-ray systems are
spectroscopically identified groups with three or more members.
In Figure 7, we show the R-v diagram for the pho-
tometrically identified members (filled circles) of these
four X-ray systems. We have spectroscopic redshifts
for 64 galaxies among the 154 member candidates.
Among these 64 galaxies, 40 are within |∆c(zgalaxy −
zsystem)/(1 + zsystem)| < 1000 km s
−1, where zsystem =
0.22. These spectroscopically identified members are all
well within the R200,Xs of the X-ray systems.
Figure 7(d) plots the R-v diagram of galaxies in the
four overlapping systems based on the X-ray center of the
system ID 193. Because the redshifts of the four X-ray
systems are essentially identical, separation of the mem-
bers in the individual clusters is ambiguous even with
spectroscopic redshifts. This plot suggests that there
may be a single cluster at z ∼ 0.22 and with four sep-
arate X-ray peaks. In this field, there is a weak excess
of galaxies at z ∼ 0.35 and ∼ 0.74, but these galaxies
do not show a strong overdensity on the sky. Thus, we
cannot tell whether the X-ray emission has some opti-
cal counterparts at greater redshift. We note that we do
not use this sample for studying LX −σv scaling relation
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Figure 7. (a) Spatial distribution of galaxies around the well-
defined X-ray system (ID: 029). Gray dots are the galaxies in
the field. Filled circles are the photometrically identified members
(George et al. 2011) and the open circles are 14 galaxies within
|∆c(zgalaxy − zsystem)/(1. + zsystem)| < 1000 km s
−1. The
large circle is R200,X . (b) R-v diagram for galaxies around the
system shown in (a). Filled circles are the member candidates
with Pmem > 0, and open circles are galaxies with spectroscopic
redsfhits. (c) Same as (a), but for an overlapping set of four X-
ray systems at z ∼ 0.22. Blue symbols are the members of X-ray
system ID 321, red for ID 191, green for ID 193, and magenta
for ID 201, respectively. Open circles are the spectroscopically
identified members with |∆c(zgalaxy − zsystem)/(1.+ zsystem)| <
1000 km s−1. (d) Same as (b), but for the overlapping four X-ray
systems. Filled circles are the member candidates in each X-ray
system; color-coding is the same as (c). The member candidates
of the four apparent X-ray peaks are mixed together in the R-v
diagram.
because this system is removed by the X-ray flags (see
Section 4.5).
4.3. Membership Calibration
We test the membership probability from the COS-
MOS galaxy catalog with the spectroscopic data.
We first define the spectroscopic member fraction
(fSpec.mem.):
fSpec.mem. =
NSpec.mem.∩Pmem
NSpec.∩Pmem
, (2)
where NSpec.∩Pmem is the number of member candidates
with spectroscopic redshifts and NSpec.mem.∩Pmem is the
number of spectroscopic members. This fraction mea-
sures the number of spectroscopic members among the X-
ray system member candidates with spectroscopic data.
Overall, regardless of the magnitude, ∼ 62% (1144)
of the member candidates are identified as spectroscopic
members. We also note that there are 232 spectroscopic
members without a membership probability; nonetheless
they are probable members.
Figure 8 displays the spectroscopic member fraction
as a function of membership probability. The spec-
troscopic member fraction generally correlates with the
membership probability; the spectroscopic member frac-
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Figure 8. Fraction of spectroscopically identified members among
the X-ray system members with spectroscopic redshifts as a func-
tion of X-ray system membership probability. Error bars are Pois-
son. The dotted line is the one-to-one relation. The dashed line
shows the linear fit.
tion is higher at higher membership probability. Inter-
estingly, Figure 8 shows that about 20% of galaxies with
Pmem > 0.9 are non-members. Over a wider member-
ship probability range 0.2 < Pmem < 1, the number of
spectroscopic member is lower than the number expected
from the membership probability.
Based on the spectroscopic membership fraction, we
empirically calibrate the photometric membership prob-
ability. The simple linear fit to the spectroscopic mem-
bership fraction yields
fSpec,mem = (0.00± 0.01) + (0.88± 0.04)Pmem. (3)
Sohn et al. (2018) examine the spectroscopic member-
ship fraction in the redMaPPer clusters based on the
essentially same technique. They used 104 redMaPPer
clusters in HectoMAP redshift survey. The redMaP-
Per membership probability also shows a one-to-one re-
lation with the spectroscopic membership fraction, but
the slope is slightly shallower (0.66±0.02) than for these
COSMOS X-ray systems.
4.4. Total Catalog of COSMOS X-ray Systems
Our final sample of COSMOS X-ray systems includes
173 systems with at least one spectroscopic member.
We identify 137 spectroscopic groups with three or more
spectroscopic members. These spectroscopic groups span
the redshift range 0.07 < z < 0.99 and the X-ray lumi-
nosity range 41.3 < logLX < 43.9.
Table 3 compares the COSMOS X-ray system sam-
ple and the other recent X-ray selected system catalogs.
AEGIS yields an X-ray group catalog covering similar
redshift and X-ray luminosity ranges over a ∼ 0.67 deg2
field of view (Erfanianfar et al. 2013). The typical num-
ber of spectroscopic members of these AEGIS groups is
six, comparable with COSMOS X-ray systems. There are
49 AEGIS groups, three times smaller than the number
of COSMOS X-ray systems approximately as expected
10
given the relative area covered by the two surveys.
We also compare the XMM-XXL survey (Pacaud et al.
2016; Adami et al. 2018) covering two 25 deg2 fields.
Adami et al. (2018) identify 365 X-ray systems includ-
ing 260 spectroscopically identified groups with three or
more spectroscopic members within the redshift range
0.0 < z < 1.2. The XXL groups cover an X-ray lu-
minosity range similar to the COSMOS X-ray systems.
Because the XXL survey flux limit is a few times brighter
than the COSMOS and AEGIS X-ray surveys, the XXL
survey yields a lower X-ray system surface number den-
sity.
Table 4 lists the COSMOS X-ray group members with
spectroscopic redshifts in the 173 systems. We include
1611 X-ray system member candidates with Pmem > 0
and with a spectroscopic redshift. We also list the 232
spectroscopic members without Pmem. The total number
of spectroscopic member is 1843. This catalog includes
the X-ray system ID from George et al. (2011), R.A.,
Decl., spectroscopic redshifts, r−band magnitude, Pmem,
spectroscopic membership flag, BGG flag, and the flag
for sample we use for deriving LX − σv scaling relation
(Section 5).
4.5. Refined COSMOS X-ray Systems for the LX − σv
Scaling Relation
We investigate the LX − σv scaling relation using the
COSMOS X-ray systems (Section 5). In order to investi-
gate the LX −σv scaling relation, we construct a cleaner
sample based on X-ray flags and the completeness of the
redshift measurements. The total sample of COSMOS X-
ray systems includes some X-ray systems with uncertain
X-ray luminosity due to the overlapping X-ray systems
or to imaging defects. Moreover, the spectroscopy is not
complete for some systems.
We first select COSMOS X-ray systems with an X-ray
quality flag (QX) 1 or 2. Additionally, we select systems
with X-ray FLAG MERGER and FLAG MASK equal to
zero. FLAG MERGER = 0 indicates no overlap with
other X-ray systems and FLAG MASK = 0 indicates
that less than 10% of area in the optical imaging of the
X-ray system is affected by image defects including sat-
urated stars or the edge of the imaging. We also require
that the systems have at least three spectroscopic mem-
bers and that the spectroscopic completeness to r = 21.3
exceeds 50% to avoid systematic effects due to varying
incompleteness of the survey.
There are 74 COSMOS X-ray systems satisfying these
criteria (Table 3) These refined COSMOS X-ray systems
span the redshift range 0.1 < z < 0.7; one exception
is at z = 0.97. The refined COSMOS X-ray sample is
a factor of five larger than the sample of AEGIS X-ray
groups used for deriving the LX − σv scaling relation
(Erfanianfar et al. 2013).
Figure 9 show the X-ray flux distribution of COSMOS
X-ray systems and the refined sample. For comparison,
we show the X-ray flux distribution of all of the AEGIS
X-ray systems (Erfanianfar et al. 2013). Most of systems
in the refined sample have an X-ray flux exceeding the
COSMOS X-ray survey flux limit (4σ detection at 1.0×
10−15erg cm−2 s−1). COSMOS X-ray systems with X-
ray fluxes near the limit are excluded by the selection
process. The refined COSMOS X-ray systems have an
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Figure 9. Distribution of X-ray flux for COSMOS X-ray systems
(black filled histogram) and for the refined COSMOS X-ray systems
(red open histogram) we used for studying LX−σv scaling relation.
For comparison, we show the X-ray flux distribution of AEGIS X-
ray systems (blue hatched histogram).
X-ray flux distribution similar to that for AEGIS X-ray
systems.
4.6. Brightest Group Galaxies
Based on the spectroscopy, we identify the brightest
galaxy in each X-ray system. Hereafter, we refer to these
brightest galaxies as brightest group galaxies (BGGs).
Identification of the BGGs is important for investigating
the cluster dynamics. The BGG often sits at the bot-
tom of a local potential well (e.g. Beers, & Geller 1983;
Newman et al. 2013).
Previous studies of COSMOS X-ray systems define
the BGG as the galaxy with the largest stellar mass
among member candidates within R200 of the X-ray cen-
ter (George et al. 2011; Gozaliasl et al. 2019). We refer
to these galaxies with the largest stellar mass as the most
massive galaxies, hereafter. However, in some cases, the
most massive galaxy is not the brightest galaxy in the
system in the r−band. Furthermore, a large fraction
(∼ 30%) of the most massive galaxies are member can-
didates identified based only on photometric redshifts
(Gozaliasl et al. 2019).
We identify the BGGs of 160 COSMOS X-ray systems
based on their r−band luminosity following the conven-
tional definition of the brightest cluster (group) galaxy
(e.g. Lauer et al. 2014). These 160 COSMOS X-ray
systems all contain at least one spectroscopic members
within Rproj < 0.5R200, where Rproj is the projected dis-
tance from the X-ray peak (Gozaliasl et al. 2019). When
we test the BCG identification within Rproj < R200,
even brighter galaxies located at large projected distance
0.5 < Rproj/R200 < 1.0 are identified as BGGs for 40
systems. The typical magnitude difference between the
BGG and brighter galaxies in the outskirts is ∼ 0.4 mag.
However, the connection between these bright galaxies in
the system outskirts and the X-ray emission is unclear.
We use the tight projected radius Rproj < 0.5R200 for
BGG identification.
We compare these BGGs with the most massive galax-
ies identified based on our stellar mass estimates. There
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Table 3
X-ray Systems in Various Surveys
Survey FoV logLX range z range Nsystem
a Nspec.groupb
COSMOSc 1.65 [41.3, 43.9] [0.07, 0.99] 173 137
refined COSMOSc 1.65 [41.3, 43.9] [0.10, 0.70] · · · 74
AEGIS d 0.67 [41.7, 43.9] [0.06, 1.55] 49 47
XXL e 50.0 [41.4, 44.4] [0.00, 1.20] 365 260
a Total number of systems with one or more spectroscopic redshift.
b Total number of spectroscopically identified groups with three or more spectroscopic
redshift.
c This study
d Erfanianfar et al. (2013)
e Adami et al. (2018)
Table 4
Spectroscopic Catalog of COSMOS X-ray System Members
X-ray system ID R.A. Decl. z r mag Pmem Spec. Membership BGG? LX − σv Sample
G11 011 150.130496 1.622421 0.184000 21.30 0.48 N N Y
G11 011 150.121852 1.672978 0.217700 20.99 0.84 Y N Y
G11 011 150.114914 1.668760 0.220100 21.60 0.89 Y N Y
G11 011 150.147597 1.632191 0.227550 19.86 0.84 N N Y
G11 011 150.155999 1.712134 0.216000 20.13 0.80 Y N Y
Note. — The entire table is available in machine-readable form in the online journal.
are 30 X-ray systems where the BGG is apparently not
the most massive galaxy among the spectroscopic mem-
bers. We lack a stellar mass estimate for the BGG of
3 X-ray systems (ID: 11, 196, 264). George et al. (2011)
identified these BGGs as the most massive galaxies based
on their stellar mass estimates with photometric redshifts
(George et al. 2011). In 17 systems, the BGGs are lo-
cated closer to the X-ray center than the most massive
galaxies, suggesting that the BGGs we identify are closer
to the bottom of the potential well. For the remaining
10 systems, the most massive galaxies are closer to the
X-ray center than the BGGs. Large uncertainty in the
stellar mass estimate may contribute to the confusion.
In total, the BGGs are also the most massive galaxies
in 130 X-ray systems (∼ 81% of a total 160 COSMOS
X-ray systems).
We next examine the BGG offset from the X-ray cen-
ter. Gozaliasl et al. (2019) studied the offset between the
most massive galaxies and the X-ray center of the COS-
MOS X-ray systems. They investigated several relations
between the BGG offset and other group properties in-
cluding group redshift, X-ray flux, and the magnitude
gap between the first and the second brightest galaxies.
Here, we limit our investigation to the offset between the
X-ray centers and the BGGs identified based on the lu-
minosity. We use this indicator as a verification for the
refined sample of X-ray systems.
Figure 10(a) shows the distribution of projected dis-
tances between BGGs and the X-ray center normalized
by R200 of the individual system; the red histogram
shows the distribution for the 74 refined COSMOS X-
ray systems. For the refined catalog, their BGGs are
more concentrated toward the X-ray center.
The BGGs show a larger offset from the X-ray center
than brightest cluster galaxies (BCGs) in massive sys-
tems. Lavoie et al. (2016) examine the BCG offset from
the X-ray centers based on XXL clusters with a typ-
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Figure 10. (a) Projected distance distribution between the BGG
and the X-ray peak of COSMOS systems. (b) Relative location of
the BGG with respect to the X-ray peak in the R-v diagram. We
take the mean redshift of the member candidates as the central
redshift of the X-ray peak. Black circles indicate the BGG in each
of the COSMOS X-ray systems. Red filled circles highlight the
BGG of the COSMOS X-ray systems we use for studying LX −
σv scaling relation in Section 5. Symbol sizes represent the X-
ray luminosity of the host X-ray systems; larger symbol indicates
brighter X-ray emission. (c) The distribution of relative radial
velocity differences between the BGGs and the central redshift.
ical mass of 1014M⊙, a factor of four larger than the
typical mass of COSMOS X-ray systems. They show
that ∼ 80% of the BCGs in the XXL clusters lie within
Rproj < 0.05R500 ∼ 0.035R200 of the X-ray centers.
However, only 21% of BGGs in COSMOS X-ray systems
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are located within Rproj < 0.035R200.
Figure 10(b) displays the location of the BGGs with
respect to the X-ray center in the R-v diagram. Red
filled circles highlight the BGGs of the refined COSMOS
X-ray systems. Here, we use the group mean redshift
as the redshift of the X-ray system. The sizes of the
symbols indicate the X-ray luminosity of the systems; a
bigger symbol denotes a more luminous X-ray system.
The BGGs of luminous X-ray systems are sometimes in
the outskirts of the systems as are the BGGs of some low
X-ray luminosity systems.
The BGGs generally have a small line-of-sight velocity
offset relative to the cluster mean (Figue 10 (c)). There
are only 32 systems (∼ 20%) where the rest-frame radial
velocity difference between BGG and the cluster mean
is larger than 300 km s−1 (e.g. the typical velocity dis-
persion of galaxy groups). The mean redshift of some
groups are not well determined due to poor sampling.
Additionally, some systems show evidence of substruc-
tures in the R-v diagram; these substructures can cause
deviation from the mean system redshift especially when
the objects are sparsely and/or non-uniformly sampled.
The offsets of the BGG may have an important im-
pact on velocity dispersion measurement for the systems
(e.g. Skibba et al. 2011). If the BGGs are offset from
the bottom of the gravitational potential well, the one-
dimensional velocity dispersion measurement of the sys-
tem can be biased. This biased velocity dispersion mea-
surement then affects the study of the LX − σv scaling
relation (Section 5). The refined COSMOS X-ray sys-
tems decreases the impact of this issue: ∼ 86% of the
BGGs have a redshift within < 300 km s−1 of the sys-
tem mean (see also Section 6.1).
5. THE LX − σV SCALING RELATION
Simple theoretical calculations suggest LX ∝ σ
4
v
(Solinger & Tucker 1972; Quintana & Melnick 1982),
where LX is the X-ray luminosity and the σv is the veloc-
ity dispersion of a system. Many observational studies
derive a slope (α) of the scaling relations for rich clusters
consistent with theoretical expectations (Ortiz-Gil et al.
2004; Popesso et al. 2005; Zhang et al. 2011; Rines et al.
2013; Clerc et al. 2016). For logLX & 43, the scatter
in the scaling relation results from variation in the de-
tailed dynamical state of the systems (Zhang et al. 2011)
and/or from sparse sampling of the member galaxies.
In contrast with the scaling relation for massive sys-
tems, the slope of the scaling relations for low X-ray lumi-
nosity groups (41.4 < logLX < 42.5) remains uncertain
(see Section 6.2). Several studies report totally differ-
ent slopes for low X-ray luminosity systems; e.g. from
α ∼ 4.3 from Mulchaey & Zabludoff (1998) to α ∼ 0.4
from Mahdavi et al. (2000).
The COSMOS X-ray systems provide a unique oppor-
tunity for extending the X-ray scaling relation to very
low X-ray luminosity (41.4 < logLX < 42.5). The large
spectroscopic dataset enables measurement of the veloc-
ity dispersions of an essentially complete set of systems.
We show the LX−σv scaling relation of COSMOS X-ray
systems in Section 5.1 and discuss the redshift evolution
of the scaling relation in Section 5.2.
5.1. The LX − σv Scaling Relation of COSMOS X-ray
Systems
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Figure 11. LX vs. σv relation. Gray squares are 137 Abell
clusters from Popesso et al. (2007) and Gray crosses are 59 X-ray
systems from Mahdavi et al. (2000). The solid line is the scal-
ing relation derived by Popesso et al. (2005). The dashed line is
the shallower scaling relation for low velocity dispersion systems
derived by Mahdavi et al. (2000). Red circles are the individual
COSMOS X-ray systems and blue larger circles are the median
velocity dispersion within X-ray luminosity bins.
We investigate the LX − σv scaling relation based on
the refined COSMOS X-ray systems (Section 4.5) cover-
ing the redshift range 0.1 < z < 0.7. For these 74 X-ray
systems, we calculate the rest-frame radial velocity dif-
ferences between the spectroscopic members within R200
and the BGGs of the individual clusters. We use the bi-
weight recipe (Beers et al. 1990) for computing the veloc-
ity dispersions following Popesso et al. (2007), a compar-
ison sample. We discuss the impact of the velocity dis-
persion determination in deriving the scaling relation in
Section 6.1. We note that according to previous studies
the LX − σv scaling relation in this redshift range shows
little or no evolution (e.g. Girardi & Mezzetti 2001, see
Section 5.2).
Figure 11 displays the LX − σv relation for individ-
ual COSMOS X-ray systems (red circles). Gray squares
show the 137 Abell clusters from Popesso et al. (2007)
with X-ray luminosities measured within the energy band
0.1 − 2.4 keV and galaxy velocity dispersions estimated
based on SDSS spectroscopic data. Gray crosses display
the 59 low X-ray systems from Mahdavi et al. (2000);
the X-ray luminosites of these systems are measured
within the same energy band. The solid line is the scal-
ing relation derived from Popesso et al. (2005). The
COSMOS X-ray systems overlap both the sample of
Popesso et al. (2005) and Mahdavi et al. (2000). The
scatter for the COSMOS system scaling relation is very
large for logLX < 42.5 with an extended tail toward low
velocity dispersion. Several previous studies show similar
behavior including the extension to low velocity disper-
sion for low X-ray luminosity systems (Xue & Wu 2000;
Osmond & Ponman 2004)
Measuring the scaling relation for the X-ray lumi-
nosity range 41.5 < logLX < 42.5 is challenging.
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Mahdavi et al. (2000) suggest that X-ray systems in this
X-ray luminosity range with σv < 340 km s
−1 fit a shal-
low scaling relation LX ∝ σ
0.37
v (dashed lines in Fig-
ure 11). At first glance, the COSMOS X-ray systems
in this X-ray luminosity range also appear to fit this
shallow scaling relation. However, the shallow scaling
relation depends on a small number of systems with
σv . 125 km s
−1: two systems from Mahdavi et al.
(2000) and 14 systems from the COSMOS X-ray sample.
The systems with σcl > 125 km s
−1 are scattered around
the standard steeper scaling relation that fits more mas-
sive systems.
We next compute the more robust median velocity dis-
persion of the COSMOS X-ray systems as a function of
their X-ray luminosity. We divide the set of 74 COSMOS
X-ray systems into seven bins according to X-ray lumi-
nosity. Each bin includes 10 X-ray systems except the
lowest X-ray luminosity bin that includes 14 systems.
The median velocity dispersion of the COSMOS X-ray
systems (large blue circles in Figure 11) is consistent
with the velocity dispersion expected from the extrap-
olation of the scaling relation for the high X-ray lumi-
nosity systems at a given X-ray luminosity; the overall
slope of the relation (fitted to the median dispersion from
Popesso et al. 2007 and COSMOS data) is α = 4.7± 0.7
One consistent interpretation of the data is that they are
all consistent with the expected LX ∝ σ
4
v.
5.2. Redshift Evolution of LX − σv Relation
The COSMOS X-ray systems we use for studying the
scaling relation are distributed over the redshift range
0.1 < z < 0.7. Galaxy systems evolve significantly over
this wide redshift range. For example, N-body simula-
tions show that galaxy systems increase their mass by
a factor of 2 − 3 (e.g. Fakhouri et al. 2010). This mass
growth increases the velocity dispersion. On simple the-
oretical grounds, the X-ray luminosity and temperature
are physically related to the velocity dispersion. Thus,
both the X-ray luminosity and the velocity dispersion
should continue to reflect the depth of the underlying
potential well (Bryan & Norman 1998) and the predicted
relation between the two measurements should continue
to hold.
Previous studies show that indeed there is no signifi-
cant evolution in the LX−σv scaling relations for galaxy
clusters. Borgani et al. (1999) measured the velocity dis-
persion of 16 galaxy clusters at 0.17 < z < 0.55 and
showed that the LX − σv scaling relation of these sys-
tems is consistent with that for local clusters. Similarly,
Girardi & Mezzetti (2001) compared the the LX−σv and
TX−σv scaling relations of local clusters at z < 0.15 and
higher redshift clusters within the range 0.15 < z < 0.9
and a mean redshift 0.3. They found no evidence of
redshift evolution of these scaling relations. Ruel et al.
(2014) show that there is no evolution in the TX − σv
relation for ∼ 30 South Pole Telescope (SPT) clusters at
z < 1.3.
We also find no evidence of redshift evolution in the
LX − σv scaling relation for the COSMOS X-ray sys-
tems. Following previous studies, we divide the COS-
MOS systems into two redshift bins (0.1 < z < 0.4 and
0.4 < z < 0.7) and compare the LX − σv relations. The
X-ray systems in the two redshift bins show no signifi-
cant difference in the scaling relation but the scatter is
large. This result is insensitive to the redshift limit where
divide the sample.
We also compare the distribution of X-ray systems
within narrow redshift bins (∆z = 0.1). The higher red-
shift X-ray systems appear at higher X-ray luminosity
because the sample is X-ray flux limited. The X-ray sys-
tems in each redshift bin show a broad velocity disper-
sion distribution within a narrow X-ray luminosity range.
In effect, the scaling relation derived based on the me-
dian velocity dispersion (blue squares in Figure 11) is
sorted by redshift; the higher X-ray luminosity sample is
a higher redshift sample. Thus, the consistency in the
scaling relations of the COSMOS X-ray systems in vari-
ous redshift ranges and the local systems indicates that
the scaling between X-ray luminosity and velocity dis-
persion reflects the underlying cluster physics in a way
that is independent of redshift in this range.
6. DISCUSSION
We explore the LX − σv scaling relation based on
COSMOS X-ray systems with a clean X-ray luminos-
ity measurement and with complete spectroscopic cover-
age. Although we use well-defined X-ray systems, mea-
suring a robust scaling relation is challenging because of
large uncertainties in the measurements particularly for
low X-ray luminosity systems. Here, we discuss chal-
lenges in the estimation of the velocity dispersion of
the systems (Section 6.1) and other ambiguities in de-
riving the LX − σv scaling relation for systems with
41.4 < logLX < 42.5 (Section 6.2).
6.1. Challenges in Deriving σv
In Figure 11, we show the LX − σv scaling relation
based on the unique sample of 74 X-ray luminosity sys-
tems in the COSMOS field within 41.4 < logLX < 43.3.
The median velocity dispersion for all of the COSMOS
X-ray systems fits the relation derived from luminous X-
ray clusters. However, systems with X-ray luminosity
of logLX ∼ 42 have velocity dispersion within the wide
range 50 to 500 km s−1.
Here, we explore several issues that affect the veloc-
ity dispersion of the systems and discuss their impact on
the LX − σv scaling relation. We first investigate the
impact of velocity dispersion measurement recipes. We
use the velocity dispersion measured based on the bi-
weight recipe (Beers et al. 1990) following measurements
made previously. This recipe works well for estimating
the velocity dispersion of systems with small numbers
of members. However, this recipe does not account for
uncertainties in the individual redshift measurements.
We thus compare the bi-weight velocity dispersion mea-
surements with measurements based on the recipe from
Danese et al. (1980) that takes measurement error into
account. The velocity dispersion measurements from
these two recipes are consistent with one another, in-
dicating that the velocity dispersion measurements are
robust.
We also calculate the velocity dispersion using the
“gapper” estimator method (Beers et al. 1990), an-
other good velocity dispersion estimator for systems
with small numbers of members (Erfanianfar et al. 2013;
Clerc et al. 2016). Figure 12 (a) and (b) compare the
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LX − σv relation based on velocity dispersion measure-
ment using the bi-weight and the gapper methods. The
black solid line and the gray shaded area show the
LX − σv scaling relation for massive clusters and 95%
confidence region (Popesso et al. 2005). Red circles in
Figure 12 (a) and (b) show the median velocity disper-
sions for the refined COSMOS X-ray sample bins as in
Figure 11. The error bars show interquartile range for
the velocity dispersion measurements. The gapper ve-
locity dispersions are systematically larger than the bi-
weight velocity dispersions only by ∼ 10%. This system-
atic difference is much smaller than the uncertainties in
individual velocity dispersion measurements.
We also compare velocity dispersion measurements
based on different centers. We assume that the BGGs
are located at the center of the gravitational potential
of the system. To test the impact of possible center
mis-identification, we compute the velocity dispersions
centered on the most massive galaxy and on the mean
redshift of cluster members.
Comparison between the velocity dispersion measure-
ments based on the BGG and the mean redshift of group
members shows no systematic difference. The 1σ stan-
dard deviation of the ratio between these two velocity
dispersion measurements is ∼ 0.24. Figure 12 (c) shows
the LX − σv scaling relation based on the velocity dis-
persion measurement centered on the mean redshift of
group members.
We finally examine the impact of the radial velocity
limit for identifying spectroscopic members. The radial
velocity limit separates cluster members and line-of-sight
interlopers. If the radial velocity limit is too large, in-
terlopers with large relative radial velocity can be identi-
fied as members and inflate the velocity dispersion, and
vice versa. The caustic method (Diaferio & Geller 1997;
Diaferio 1999; Serra & Diaferio 2013) is often used for
identifying cluster members to minimize the contamina-
tion by interlopers. However, we cannot apply the caus-
tic technique because the typical number of spectroscopic
members in COSMOS X-ray systems is too small.
We test sensitivity of the velocity dispersions of the
COSMOS X-ray systems by changing the radial velocity
limit (|∆c(z−zsys)/(1+zsys)|) from 500 to 2000 km s
−1.
Figure 12 (d) displays the LX−σv scaling relation based
on velocity dispersion measurements with a tight radial
velocity limit of 500 km s−1. The velocity dispersion of
systems with σv > 300 km s
−1 are reduced significantly.
The tight radial velocity limit only affects systems with
high velocity dispersion by excluding possible member
candidates with large radial velocity difference. The ve-
locity dispersion measurements changes little with gen-
erous radial velocity limits > 700 km s−1.
Interestingly, the entire LX − σv scaling relation de-
rived based on the massive clusters and the less mas-
sive COSMOS sample is insensitive to the radial veloc-
ity limits we use. The variation in radial velocity limit
affects only the large velocity dispersion systems. How-
ever, the LX − σv scaling relation of COSMOS X-ray
systems based on the reduced velocity dispersions with a
tight radial velocity limit still lie on the scaling relation
defined by massive clusters. For the low velocity disper-
sion systems (σv < 300 km s
−1), the velocity dispersion
measurement is insensitive to the radial velocity limits.
Erfanianfar et al. (2013) show that the same effects for
the smaller but similarly defined AEGIS sample.
In summary, we test the LX − σv scaling relation for
COSMOS X-ray systems based on velocity dispersions
measured with various approaches. These variations af-
fect individual systems and contribute to the scatter in
the scaling relation. However, the global LX−σv scaling
relation remains within the 95% confidence range deter-
mined from other samples.
Measuring the velocity dispersion is fundamentally
challenging for low velocity dispersion systems. All of the
COSMOS X-ray systems are embedded in the surround-
ing large scale structure (see Figure 5). For example, we
plot a stacked R-v diagram for galaxies around 21 X-ray
systems we used for deriving the LX−σv scaling relation
within the X-ray luminosity range 42.0 < logLX < 42.25
(Figure 13). Galaxies with Rcl & 0.6 Mpc (open circles)
inhabit the surrounding large scale structure.
In the R-v diagram, the radial velocity distribution of
the X-ray system members is undistinguished from that
of nonmember galaxies in the outskirts. Massive clusters
or groups tend to show a larger extension in the radial
velocity direction (a finger), toward the cluster center
(e.g. see the R-v diagram of the massive cluster A2029
in Sohn et al. 2019). For a typical low X-ray luminos-
ity system (Figure 13), the width of the radial velocity
distribution for galaxies with 0.6 < Rproj < 1.0 Mpc is
∼ 350 km s−1 comparable to or exceeding the character-
istic velocity dispersion of the stacked cluster members.
Dense sampling of a single system could yield more ro-
bust, distinctive measurements for these low velocity dis-
persion systems.
Measuring the velocity dispersion of systems with in-
trinsically low velocity dispersion is extremely difficult
(see more in Section 6.2). For these systems, the velocity
dispersion cannot be cleanly disentangled from the radial
velocity dispersion of the surrounding large scale struc-
ture. In effect, the effective velocity dispersion of the
surrounding structure sets a floor on the velocity disper-
sion of some poorly sampled X-ray systems. This issue
may contribute to ambiguity in determining of LX − σv
slope at low X-ray luminosity.
6.2. Ambiguity in Determing LX − σv Scaling Relation
for Low-Mass Systems
The LX −σv relation at low X-ray luminosity presents
a puzzle. There are two very different slopes of the
scaling relation for low X-ray luminosity systems in the
literature so far: 1) a similar slope (α ∼ 4 − 5) to
that for high X-ray luminosity clusters versus 2) a shal-
lower slope (α ∼ 0.4 − 2). Early on, Ponman et al.
(1996) show that the LX − σv relation for 22 Hick-
son compact groups with 41.0 < logLX < 43.0 has
a slope (α = 4.9) similar to high X-ray luminosity
clusters. Based on a similar sized sample with simi-
lar X-ray luminosity, Mulchaey & Zabludoff (1998) and
Helsdon & Ponman (2000) show that the scaling relation
of poor X-ray groups is consistent with that for galaxy
clusters with large scatter. Erfanianfar et al. (2013) also
showed that the scaling relation for X-ray groups in the
AEGIS survey scatter around the scaling relation for X-
ray luminous clusters.
In contrast, Mahdavi et al. (2000) suggest that a bro-
ken power law is the best fit to the LX − σv relation of
low X-ray luminosity systems (see also dell’Antonio et al.
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Figure 12. Test of LX − σv scaling relation based on various velocity dispersion measures. Solid lines and gray shaded regions in each
panel display the LX − σv scaling relation derived in Popesso et al. (2005) and their 95% confidence area. Black squares are the median
velocity dispersion for the Abell cluster sample from Popesso et al. (2007). (a) Red circles show the median velocity dispersion for the
refined COSMOS X-ray sample based on the bi-weight method. The error bars show the interquartile range. Bins in X-ray luminosity
are as in Figure 11. The dashed line is a fit to the Abell cluster and the COSMOS X-ray systems: LX ∝ σ
4.8
v . (b) Same as panel (a),
but for velocity dispersion measured with the gapper method. (c) Same as panel (a), but for velocity dispersion measured centered on the
group mean redshift. (d) Same as penal (a), but for velocity dispersion measured for spectroscopic members within the radial velocity limit
|∆cz|/(1 + zBGG| < 500 km s
−1.
0.2 0.4 0.6 0.8 1.0
Rcl (Mpc)
-4
-2
0
2
4
∆ 
cz
 /
 (
1
 +
 z
cl
) 
(1
0
0
0
 k
m
 -1
)
Figure 13. Stacked R-v diagram of the 15 lowest X-ray luminos-
ity systems in the COSMOS sample. Red filled circles are spec-
troscopic members and the open circles are galaxies with spectro-
scopic redshifts. There is no clear difference between the velocity
dispersion of X-ray system members and the radial extent of the
surrounding large scale structure.
1994). They derived a much shallower scaling rela-
tion (LX ∝ σ
0.37
v ) for systems with σv < 340 km s
−1.
Other studies based on the larger number of galaxy
groups also report a shallower scaling relation (α =
2.3 − 3.3, Xue & Wu 2000; Osmond & Ponman 2004;
Brough et al. 2006; Khosroshahi et al. 2007).
The discrepancies result from a small number of low
X-ray luminosity systems with extremely low velocity
dispersion (σ . 125 km s−1). The shallow scaling re-
lations reported in previous studies are derived based on
X-ray samples including these extreme systems. Indeed,
the 14 COSMOS systems (∼ 16%) with very low velocity
dispersion appear to fit the shallow scaling relation.
The physical origin of these extremely low velocity dis-
persion system is unclear. Mamon (1999) argued that the
minimum velocity dispersion of a virialized galaxy sys-
tem should be larger than the sum of the masses of its
member galaxies. Surprisingly, the velocity dispersions
of outliers in the COSMOS X-ray sample are sometimes
smaller than the stellar velocity dispersion of their BGGs
(J.Sohn et al. 2019, in preparation). Helsdon et al.
(2005) suggested three possible explanations for reduced
velocity dispersions; (1) dynamical fraction reduces the
orbital velocities, (2) tidal interaction reduces the orbital
velocities of the galaxies, and (3) the line-of-sight velocity
dispersion appears reduces as a result of velocity and/or
spatial anisotropy. The low velocity dispersion systems
in the COSMOS field may result from one or more of
these mechanisms. Additionally, poor sampling can still
result in artificially low velocity dispersions.
Furthermore, the X-ray source may be misidenti-
fied. ID:278 provides a case in point (we note that
Gozaliasl et al. (2019) exclude this system but it is a kind
of prototype for potential problems in the system iden-
tification). Figure 14 shows a Subaru/HSC image of this
system. George et al. (2011) identify the apparent red
sequence of a galaxy group at z = 0.306 associated with
X-ray emission. However, a foreground galaxy with an
impressive shell structure (z = 0.079) is probably the
X-ray source. In fact the z = 0.306 apparent system
is offset from the center of the X-ray emission but the
shell galaxy is coincident with it. We also suggest below
that this source is an example of X-ray emission from an
individual galaxy.
Another ambiguity in deriving the LX−σv scaling rela-
tion for low X-ray luminosity system is disentanglement
of X-ray emission associated with an individual galaxy
that may be either (1) a system member or (2) a fore-
ground object as in the case of ID:278. Figure 15 com-
pares the LX −σv scaling relation for X-ray systems and
that for early-type galaxies with X-ray emission. We use
the early-type galaxy sample from Babyk et al. (2018)
that includes Chandra X-ray luminosities and the central
stellar velocity dispersions within 1 kpc. These early-
type galaxies have a substantial overlap with the X-ray
luminosity range of the COSMOS X-ray systems. At low
X-ray luminosity the relation between Lx and σ appears
to split into to tail. One associated with poor groups
extends to low velocity dispersion with a shallow slope.
The other, corresponding to individual elliptical galaxies
is a steep extension. Understanding this bifurcation is a
challenge for the larger X-ray and spectroscopic samples
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Figure 14. HSC image of the X-ray system ID: 278. The image
is centered on the X-ray center from George et al. (2011). Yellow
circles are member candidates with Pmem > 0 and cyan circles are
spectroscopic members around the central redshift of the system
suggested by George et al. (2011). The magenta circle highlights a
foreground galaxy with remarkable shell structure, the likely X-ray
source.
that will be available in the e-ROSITA era.
Returning to ID:278, the green star symbol in Figure
15 shows the position of the position of the z = 0.306
system in the LX − σv relation. It lies in the low disper-
sion tail. If instead, the source is the shell galaxy, the
system moves onto the much steeper LX−σv relation for
individual galaxies based on the central velocity disper-
sion of the shell galaxy from SDSS DR14 spectroscopy
catalog. This remarkable ambiguity highlights the diffi-
culty in understanding the physical nature of these X-ray
sources.
The slope of the LX − σv scaling relation at low X-ray
luminosity range (41.5 < logLX < 43) remains uncer-
tain. The median velocity dispersions of the systems at a
given X-ray luminosity and the velocity dispersion of the
stacked sample strongly indicate that the extrapolation
of the LX − σv scaling relation for rich clusters fits the
low X-ray luminosity systems. However, detailed exam-
ination of the overlap between individual X-ray systems
and early-type galaxies (as in ID:278) suggests a more
complex picture.
Future surveys with e-ROSITA will refine the LX −σv
scaling relation based on much larger samples of low
X-ray luminosity systems. The high resolution of e-
ROSITA will also reduce uncertainties in X-ray mea-
surements including the X-ray center position, criti-
cal to identifying optical counterparts. Furthermore,
deep and dense spectroscopic surveys with Subaru/Prime
Focus Spectrograph (Takada et al. 2014) and 4MOST
(Finoguenov et al. 2019) will yield more robust veloc-
ity dispersion measurements of low X-ray luminosity sys-
tems.
7. CONCLUSION
COSMOS X-ray systems are a unique flux-limited sam-
ple spanning the redshift range 0.06 < z < 0.99 and the
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Figure 15. LX − σv scaling relation of X-ray systems and early-
type galaxies with X-ray emission. The lines and symbols are the
same as in Figure 11. Blue triangles are early-type galaxies from
Babyk et al. (2018); the velocity dispersions are the central stellar
velocity dispersions within 1 kpc. The green star symbol is the
location of the X-ray system in Figure 14 based on the z = 0.306
system velocity dispersion. The magenta star symbol is the source
position if the X-ray emission is associated with the shell galaxy.
X-ray luminosity range 41.3 < logLX < 43.9. The COS-
MOS X-ray system catalog constructed by George et al.
(2011) we examine here includes X-ray system with X-
ray fluxes ≥ 1.0× 10−15 erg cm−2 s−1, an order of mag-
nitude deeper than the future survey with e-ROSITA
(Merloni et al. 2012). The rich dataset obtained from
multi-wavelength photometric and spectroscopic obser-
vations enables investigation of the properties of low
luminosity X-ray systems. These COSMOS low X-
ray luminosity systems demonstrate the complexity that
should be unraveled by e-ROSITA.
We identify 1843 spectroscopic members in 180 COS-
MOS X-ray systems. This large spectroscopic sample
combines all available spectroscopic data for galaxies in
the COSMOS field. There are 137 (∼ 76%) systems
that contain at least three spectroscopic members within
R200. The typical number of spectroscopic members per
cluster is ∼ 5. We also explore 5 redMaPPer systems
and 13 CAMIRA systems in the COSMOS field.
We identify the brightest group galaxies among the
spectroscopic members. For ∼ 22% of the systems, the
BGG is not the galaxy with the largest stellar mass in
the systems. The typical offset between the BGG and the
X-ray peak is Rproj ∼ 0.14R200, larger than the typical
offset between BCGs and the cluster X-ray peak (Rproj ∼
0.05R200).
The LX − σv scaling for a refined subset including 74
COSMOS X-ray systems is consistent with relation de-
rived from high X-ray luminosity systems (LX ∝ σ
4
v) but
the error and the scatter are large. The scaling relation
based on robust velocity dispersion measurements from
the median velocity dispersion of the sample with similar
X-ray luminosity lies on the extrapolation of the scaling
relation for massive clusters.
We explore several effects on the velocity dispersion
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measurement including the measurement recipes, mis-
identification of the central redshift of the system, and
the radial velocity limits for identifying spectroscopic
members. None of these significantly impact the global
slope of the scaling relation. Variation in the velocity
dispersion measurements only increases the random un-
certainties in the scaling relation.
We discuss the fundamental difficulty in deriving the
LX−σv relation at low LX and low σv due to the nature
of low X-ray luminosity systems. At low X-ray luminos-
ity, poor groups and extended emission associated with
individual quiescent galaxies overlap. The morphology of
the distribution of extended X-ray sources in the LX−σv
plane appears complex with a tail that includes poor
groups and extends toward low velocity dispersion. In
contrast quiescent galaxies populate a locus steeper than
the relation for massive clusters (Babyk et al. 2018).
Interpretation of the group velocity dispersion mea-
surement is challenging due to the impact of surrounding
large scale structure and the poor sampling. Furthermore
identification of X-ray source is difficult and we demon-
strate that on the basis of extensive data a source can
move from the low dispersion tail to the locus for sources
associated with individual galaxies.
Future survey with e-ROSITA will identify a large
number of low X-ray luminosity systems from a large
area on sky with better spatial resolution and with tem-
perature measurements (Finoguenov et al. 2019). Low
velocity dispersion systems (σ < 150 km s−1) are abun-
dant even in the SDSS spectroscopic sample (Sohn et al.
2016). The e-ROSITA survey will measure X-ray proper-
ties of these low velocity dispersion systems and will fa-
cilitate understanding of the morphology of the LX − σv
distribution for poor groups and individual galaxies. Fur-
thermore, deep and complete spectroscopy with PFS sur-
vey and 4MOST survey (Finoguenov et al. 2019) will en-
able a better measurement of system velocity dispersions
and the central velocity dispersions of individual galax-
ies. Combining these survey data will elucidate the scal-
ing relations for systems and for individual galaxies and
the relationship between them.
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APPENDIX
PHOTOMETRICALLY IDENTIFIED CLUSTERS IN THE COSMOS FIELD
For completeness, we briefly explore photometrically identified cluster candidates (redMaPPer and CAMIRA sys-
tems) in the COSMOS field (see Figure 3) within the redshift range 0.21 < z < 0.58. Detailed analyses of these systems
including determination of the spectroscopic redshift of the systems and the identification of spectroscopic members
of the systems are beyond the scope of this study. Our goal here is simple comparison between these photometrically
identified systems and COSMOS X-ray systems.
There are five redMaPPer systems (Rykoff et al. 2016) in the COSMOS field (Figure 3): RM 5652, RM 10096, RM
13718, RM 24235, RM 52747 (IDs from Rykoff et al. 2016). These redMaPPer systems were identified based on a
red-sequence detection technique applied to SDSS DR8 photometric data. RM 24235 corresponds to the X-ray system
(G11 262) within 1′. RM 52747 is located in between two X-ray systems (G11 145 and G11 160), but the redshifts
of the X-ray systems differ from the redshift reported by redMaPPer. The other three systems do not have X-ray
counterparts from George et al. (2011) because they are outside of the area where George et al. (2011) identify the
X-ray systems. With the larger search area, Gozaliasl et al. (2019) identify all of the redMaPPer systems except RM
52747. In summary, we identify X-ray counterparts for 80% of the redMaPPer systems, slightly lower than the result
based on a larger X-ray cluster survey (86%, Sadibekova et al. 2014).
Figure 16 shows the R-v diagrams of the five redMaPPer systems. The redMaPPer member galaxy catalog
(Rykoff et al. 2016) provides a photometric membership probability (Pmem) for each galaxy. We match the redMaPPer
member galaxy catalog and the COSMOS galaxy catalog to obtain the redMaPPer membership probability of galaxies
in the COSMOS galaxy catalog. The open circles in Figure 16 display the galaxies with spectroscopic redshifts and
the filled circles are the redMaPPer member candidates with Pmem > 0.5. We determine the central redshifts of the
redMaPPer system as the median redshift of the redMaPPer member candidates with Pmem > 0.5. The dashed line
is the system redshift (zλ) from the redMaPPer catalog.
There are galaxy overdensities at the redMaPPer centers. The central redshifts of the redMaPPer clusters are
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Figure 16. R-v diagrams of the five redMaPPer systems in the COSMOS field. The labels indicate redMaPPer ID, richness (λ), the
median redshift of the redMaPPer member candidates with Pmem > 0.5, and the redshift from the redMaPPer catalog (dashed line). The
system with a red label has an X-ray counterpart from George et al. (2011). Red filled circles indicate the redMaPPer member candidates
with membership probabilities larger than 0.5. Black open circles are the galaxies with spectroscopic redshifts.
fairly well determined, except for one system (RM52747) which is in a complex field. Similar to the X-ray cluster
member candidates, several member candidates with high membership probabilities are not spectroscopic members of
the systems. It is interesting that there are a number of spectroscopic members without membership probabilities.
These galaxies may be excluded from the redMaPPer membership catalog because they are faint or blue.
The CAMIRA cluster catalog includes 13 candidate systems in the COSMOS field; six systems have X-ray coun-
terparts from George et al. (2011). Gozaliasl et al. (2019) identify X-ray counterparts for eight CAMIRA systems in
addition to the six systems with X-ray counterparts from George et al. (2011). Intriguingly, only three CAMIRA sys-
tems match redMaPPer systems although both cluster catalogs were based on a red-sequence technique. The CAMIRA
systems without redMaPPer counterparts are mostly (80%) systems with z > 0.3.
We examine the R-v diagrams of the 13 CAMIRA systems in Figure 17. Unlike the redMaPPer catalog, the
CAMIRA catalog does not provide a membership probability. Thus, we simply use the central redshifts quoted in
the CAMIRA catalog to plot the R-v diagram instead of the central redshifts determined based on spectroscopically
identified members. The black open circles indicate galaxies with spectroscopic redshifts around the CAMIRA cluster
center.
There are galaxy overdensities for some CAMIRA clusters, but the central redshifts from the catalog are often
significantly offset from the overdensities in redshift space. We do not see a galaxy overdensity at the suggested cluster
center for the systems at z = 0.379, 0.398, 0.554 and 0.574. These systems may be false positive or the actual system
is at a very different redshift.
Previous studies examine the relation between the X-ray luminosity and the richness of optically-identified galaxy
clusters: Oguri (2014) examine CAMIRA systems and Hollowood et al. (2018) examine redMaPPer systems. Based
on these relations, we expect that three X-ray systems (ID: 011, 120, 220) have richness larger than 20 suggesting that
they should be in the photometric catalogs. However, these three systems are missing from the redMaPPer catalog and
only one system (ID: 011) is included in the CAMIRA catalog. The two missing X-ray systems are perhaps missing
from these catalogs because they are at high redshift (z > 0.72). The system ID 011 is a prominent cluster at z = 0.22,
but the redMaPPer algorithm misses it. These differences among the catalogs highlight the challenge of constructing
complete catalogs of galaxy systems even for relatively massive systems.
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Figure 17. R-v diagrams of the 13 CAMIRA candidate systems (Oguri 2014) in the COSMOS field. The labels indicate the central redshift
and the corrected richness from the CAMIRA catalog. The systems with red labels have X-ray counterparts from George et al. (2011)
and those with blue labels have X-ray counterparts from Gozaliasl et al. (2019). The systems with a redMaPPer ID have a redMaPPer
counterpart. Black open circles indicate galaxies with spectroscopic redshifts.
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